type from another. Inbreeding studies are essentially studies of rare gene frequencies in the existing population rather than how and why the gene is maintained in the population.
Summary.-The extent of decrease in population fitness on inbreeding is measured by iv- average fitness at complete homozygosis state Wo average fitness at random mating state Populations in heterotic equilibrium show a greater percentage decrease than populations in mutational equilibrium, but the difference is very small for rare genes. Mortality and morbidity data on inbred offspring from consanguineous marriages cannot distinguish genes in one type of equilibrium from those in another.
The current concept of genetic load is based on artefacts rather than on inherent properties of populations, and it leads to erroneous conclusions. ' Crow, J. F., "Some possibilities for measuring selection intensities in man," Human Biol., 30, 1-13 (1958) .
2 Li, C. C., "Mutation, selection, and population fitness, ' 14, 1963 In the original investigations', 2 of pseudowild-type strains, or heterokaryons believed to originate as nondisjunctional disomics in crosses of linked mutants, it was hoped that certain of these strains would prove to have some degree of stability and might serve experimentally as a source of intranuclear heterozygosity. It was possible to show, however, that the disomic (n + 1) condition was unstable and the pseudowild-type (PWT) cultures became heterokaryotic during growth.2 Subsequent studies on the stability of disomic nuclei indicated that in a significant proportion of PWTs haploidization may have occurred by the end of the second postmeiotic division.3 Analyses of crosses of PWT strains have failed to reveal any evidence of stable disomic nuclei, and the multinucleate condition of the conidia has prevented ruling out the existence of some disomic nuclei in mature cultures because of the problem of distinguishing a conidium which contains a heterozygous nucleus from one which is heterokaryotic. An analysis of a limited number of microconidial (uninucleate) PWT cultures indicated that disomic nuclei were rare, if present at all, but the presence of a few binucleate conidia in such strains made it difficult to determine unequivocally whether the rare conidial-derived cultures, capable of growth on minimal medium, originated from disomic nuclei or heterokaryotic conidia. In spite of the known heterokaryotic nature of PWT cultures, PRoc. N. A. S. convincing evidence1-3 has been presented regarding the disomic origin of many PWT strains of which a detailed analysis has been made.
Although we shall continue to refer to PWTs as heterokaryons originating as heterozygous disomic nuclei, the origin of some PWTs may still be questioned. For example, many laboratories use the wild-type strains 74A and 73a isolated by St. Lawrence. It is our understanding that one of the reasons these strains were selected was because they were free of chromosome aberrations and because aborted spores in crosses involving such strains were nearly absent. Many investigators working with mutants induced in these wild types have found that the frequencies of PWTs in such crosses were abnormally high in comparison to earlier reports," 2 and often were as great as one per cent, or even greater.4 Dr. Mary Case, who noted this in crosses involving complementing allelic mutants at the pan-2 locus, first called it to our attention several years ago. The high proportion of PWTs in the progeny of various crosses involving mutants induced in 74A leads one to expect a correspondingly high frequency of asci with some aborted spores if the PWTs originated by nondisjunction. However, cursory examination fails to disclose a high enough frequency of such asci with two or four aborted spores to account for the large number of PWTs found in the progeny of such crosses. This suggests that not all strains classified as PWT need have the same origin and that various types of aneuploids may have properties characteristic of PWTs, e.g., heterozygosity of certain loci. That this indeed may be the case was first suggested to us in 1960 by Dr. Mary Case (personal communication), who had evidence of aneuploid types isolated from asci with eight viable spores. Since this manuscript was first prepared, a report by Threlkeld5 regarding 5:3 asci has appeared which also indicates that aneuploids, possibly in the form of telocentric chromosomes, can be recovered from asci with eight viable spores. Such cases (since they involve aneuploidy and heterozygosity of certain alleles, although they do not involve duplication of entire chromosomes) would have some of the properties of PWT cultures, and might account in part for the high proportion of the aneuploid types recovered from crosses involving 74A.
In the experiments reported below, it was our original intent to obtain information on whether the homokaryons recovered from PWTs involving linked mutants were largely noncrossover types, as might be expected if they had failed to pair during meiosis and had gone to the poles at random. In preliminary experiments the expected parental genotypes were found, but in some cases nonparental types were also recovered from the same PWT culture. These observations suggested the possibility of somatic recombination. Since PWTs undergo some type of somatic reduction to form a heterokaryon, it is conceivable that the homologous chromosomes of the disomic pair and disjoin in the process of haploidization. The presence of the recombinant is most economically ascribed to somatic crossing over during this process, although other explanations are possible. To obtain further information in support of these findings, a more detailed analysis was made of PWT cultures isolated from crosses between complementary allelic mutants with linked markers. The analyses of a limited number of homokaryotic conidia from 38 different PWT strains have revealed the presence of recombinant types in eight of the strains examined. Reciprocal crossover types were found in three of the eight PWTs. A detailed examination was made of only five of the strains and these results are reported below.
Materials and Methods.-The pseudowild-types in this investigation were recovered from a cross of ad-8 pan-5 a X ylo pan-S tryp-2 A. All of the mutants are located on linkage group VI and the two pan mutants are complementing alleles of the pan-2 locus.4 In heterokaryotic combinations these alleles are capable of growing on minimal medium, but at a reduced rate. The ad-8 pan-5 parent was obtained from a cross of ad-8 ylo A (FGSC-No. 448) X pan-5 a, an isolate received from Dr. Mary Case. The ylo pan-3 tryp-2 A isolate also was obtained from the Fungal Genetics Stock Center, Stock Number 469. The location of the mutants is shown on the linkage map below, and approximate distances separating the genes yio, pan, and tryp are taken from the data of Case and Giles.4 ad-8 is located far out on the left arm of the same chromosome but the exact distance from the centromere is unknown.6 Westergaard's synthetic medium was used
throughout the experiments, and platings of all conidia were done on media supplemented with 0.02% glucose and 1% sorbose in addition to the necessary growth factors.
In the experiments discussed below, single phenotypically wild-type germinating ascospores were isolated and identified as PWTs by their slow growth on minimal medium (characteristic of pan-S + pan-5 heterokaryons) and by differences in the number of colonies formed when conidia of each were plated on minimal and supplemented media. Conidial-derived colonies from supplemented media were then isolated and the phenotype of each was determined by checking its growth requirement. In a preliminary analysis of PWT-18, two conidial-derived cultures were found that required only adenine for growth. Although subsequent analysis of these two adeninerequiring isolates showed them to be heterokaryons between the parental type, ad pan-E, and an ad pan-S tryp recombinant, it was, nevertheless, their unexpected presence that first suggested that somatic recombination might occur in PWTs and that prompted a more detailed analysis of this PWT culture. PWT-18, together with PWT-19, selected originally as a control culture but which also proved to have somatic recombinants, were then plated on medium supplemented with adenine sulfate, calcium pantothenate, and tryptophan. After colonies had formed on such plates, approximately 400 colonies from each PWT were then individually transferred to agar slants containing medium supplemented with both pantothenate and tryptophan. The isolates which grew on such medium are called Group I isolates and could be of the phenotype pan tryp, pan, tryp, or heterokaryons. The phenotype of each Group I isolate was further identified by growing each individually on minimal medium as well as tryptophan-supplemented and pantothenate-supplemented liquid media. The colonies that failed to grow on the doubly supplemented pantothenate-tryptophan agar slants within two days (Group II isolates) were then transferred to slants supplemented with pantothenate and adenine. Colonies that still did not show growth (Group III isolates) were again transferred to slants with media triply supplemented with adenine, pantothenate, and tryptophan. Group II isolates that grew on adenine-pantothenate media would be expected to be pan ad, or ad, isolates or certain heterokaryotic types, and all were further identified by individual testing on pantothenate-and on adenine-supplemented liquid media. Group III isolates were expected to be recombinants of the genotype pan ad tryp. This kind of procedure in a modified form has been used routinely in this laboratory as a rapid method of isolating homokaryotic strains from heterokaryons plated on supplemented media. Such colonies maintain their viability over long periods which allows them to be successively transferred from one supplemented slant to another until a supplement is found that satisfies their nutritional requirement. Obviously such tests are not conclusive in themselves, but, coupled with the observation of the morphological mutant, yio, this method serves to pinpoint quickly possible recombinant types. Presumed recombinants were then thoroughly screened by determining their growth requirements in 250 ml Erlenmeyer flasks in shake cultures with 50 ml of appropriately supplemented media. The tryp-2 mutant is leaky and will grow in the absence of tryptophan after a lag period, which causes some difficulty in routine classification, but such types always were carefully checked by appropriately timed experiments in critical cases. Some presumed recombinants were further tested to determine whether they were heterokaryotic by plating conidia on several different types of supplemented media, as well as by outerossing to standard wild-type strains and further checking the mutant progeny. The pan-3 and pan-5 alleles were distinguished in heterokaryon tests on agar slants and, when necessary, growth rates were measured in growth tubes of minimal medium at room temperature, or in liquid shake cultures. Heterokaryons between pan-3 and pan-5 are temperature sensitive and require pantothenate at 350C which simplifies their identification. However, under any conditions, except when pantothenate is supplied, the growth rate of such heterokaryons is only a fraction of wild-type rates.
Results.-The first stage of analysis of PWTs 18 and 19 consisted of determining the growth requirements of over 800 single conidial isolates. Isolates with the same apparent growth requirements were further subdivided according to the presence or absence of the yio marker, and heterokaryon tests were then carried out to determine the pan allele present in selected isolates from each group. In PWT-18 the mutant phenotypes were as follows, with the number of each isolate given in parentheses: ad pan-5(119), ylo pan-S tryp(188), ad(12), ylo pan-5(7), ad pan-S tryp(57), pan-5(1), pang.s tryp(33); and 49 isolates grew on minimal and were presumably heterokaryons between the two parental types. From PWT-19 the following types were recovered: ad pan-5(108), ylo pan-3 tryp(135), ad(17), ad pan-S tryp(42), pan-S tryp(17); and 71 heterokaryons grew on minimal. Those isolates with a requirement for adenine as well as the pan-S tryp isolates would have required multiple crossovers to account for their origin by recombination, but they could also be accounted for by certain nuclear combinations in the form of a heterokaryon. Further analyses of such isolates by plating conidia on various supplemented media or by crossing to standard wild-type strains indeed showed that the selected isolates tested were all heterokaryons. Those with a requirement for adenine were heterokaryons between the parental ad pan-5 and the recombinant type ad pan-3 tryp. The pan-S tryp isolates were heterokaryons between the recombinant ad pan-S tryp arid the parental ylo pan-S tryp. The single pan-5 isolate also proved to be a heterokaryon between the parental ad pan-5 and the ylo pan-S recombinant. At present only the ylo pan-5 and ad pan-3 tryp isolates appear to be bona fide recombinants.
In addition to the above analyses, three additional PWTs have subsequently been studied in some detail, and the number of parental and recombinant types identified were as follows: PWT-15--ylo pan-S tryp(153), ad pan-5(157), and ad pan-S tryp(7); PWT-24-ylo pan-S tryp(157), ad pan-5(81), ad pan-S tryp(41), and ylo pan-5(25); and PWT-32-ylo pan-S tryp(108), ad pan-5(229), ad pan-S tryp(4), and ylo pan-5(4).
Recombinant type ylo pan-5, in addition to the two parental types, has been recovered from PWT Nos. 25, 26, and 33, but only a limited number of isolates have yet been tested in these cultures. Of the eight cultures so far analyzed, three have yielded both yio pan-5 and ad pan-S tryp reciprocal recombinant types; from two only the ad pan-S tryp recombinant type was recovered; and from three others only yio pan-5 recombinants were found. In all, recombinants have been recovered from 8 (21%) of the 38 PWTs examined, but this is obviously a minimum estimate because only a cursory examination of some of the cultures has been made. At present, the only recombinant types that have been recovered are those in which crossing over occurred within a distance of three crossover units between ylo and pan-5 in the vicinity of the centromere. Other recombinant types may be present but undetected because they are either limited in number or present only in heterokaryotic conidia and still unrecognized.
Discussion.-From PWT cultures isolated as single ascospores from crosses of linked mutants, it has been possible to recover homokaryons with the genotypes of the two respective parents as well as homokaryons representing reciprocal crossover products. We have assumed that these recombinants originated from somatic crossing over in the disomic nucleus. Such data suggest that haploidization of the disomic nucleus involves pairing of the homologous chromosomes and that it is during this process that crossing over occurs. It is recognized, however, that the mitotic crossing over and the haploidization need not result from the same mitotic event. Since the mitotic events responsible for haploidization of diploids in Aspergillus7 and disomics in Neurospora may be quite different, the details of such events in the present examples can only be speculated upon, and additional information is necessary before a complete interpretation of the situation in Neurospora is possible.
The significance of certain of the present findings is not yet clear. Although only a few PWTs with recombinants have been analyzed, it was not anticipated that all of the recombinants would be of the same type and would occur in regions immediately adjacent to the centromere. There is evidence in both Aspergillus7 and Drosophila8 for an increased frequency of mitotic recombination in the proximal regions of the chromosome, but to find that all of the observed recombinants occurred within a region of approximately 3 crossover units was not expected. Such results may mean that the pairing of the homologues was confined to the regions immediately adjacent to the centromere and thus the opportunity for exchange was confined to this region. It is hoped that an analysis now in progress with additional markers will provide more information on this question.
The failure always to recover reciprocal crossover products may or may not be significant, especially when one considers the inefficiency of analysis imposed by the heterozygotic effect of heterokaryotic conidia. One may question, nevertheless, whether these differences have any real meaning in terms of the mechanism of formation of recombinant types. For example, one might interpret the difference in the frequency of the reciprocal types, and particularly the failure to recover one type often, to mean that the recombinants were formed nonreciprocally during separate mitotic events. While this may be true, the data are not incompatible with the notion that reciprocal recombinants are initially formed, but that either subsequent events during vegetative growth of the culture result in their unequal frequency, or the observed differences merely reflect the technical problem of identifying rare genotypes in populations of largely heterokaryotic conidia. However, in view of the recent results of Threlkeld5 concerning the aneuploidy associated with nonidentical sister spores, it is apparent that some heterozygous cultures have different origins and these may behave differently. Since many of his examples appear to involve telocentric chromosomes or centric fragments, whereas the recombinants reported above all have markers on both chromosome arms, it appears that his results are probably not relevant to the present findings.
It has been suggested that the present data do not exclude the possibility that these results occur as a consequence of some aberrant meiotic events rather than mitotic recombination. For example, if nondisjunction occurred in the first and second divisions successively, after crossing over had occurred, one could obtain tetrasomic PWTs which later might break down into the observed heterokaryon. It is difficult, on the basis of the present evidence alone, to distinguish unequivocally between these two possibilities, especially since the PWTs were isolated as random spores and not from asci. However, the pattern of aborted spores in asci, from which a tetrasomic PWT and a disomic PWT could be recovered, would be different, and a distinction between these two possible origins may eventually be made on this basis. At the same time, the limited data available appear to be more consistent with the somatic recombination hypothesis. In every case so far tested, the homokaryotic conidia of the two parental types were more frequent than the recombinant types, and this would be expected on the assumption that such strains originated as disomics followed by somatic crossing over in some of the disomic nuclei. In these cases it is assumed that only the parental genotypes are present in the original disomic PWT nucleus. The two nuclei within the disomic ascospore then undergo an undetermined number of divisions before haploidization occurs; and either during such divisions or during the division in which haploidization occurs, the somatic recombination may take place. Since recombination would not be expected to take place in every disomic nucleus, then the haploid parental types would always be more frequent than the recombinants. However, in the proposed tetrasomic PWT the constitution of the nuclei within the ascospore would be quite different, since it is assumed that they already contain two parental and two recombinant chromosomes. Regardless of how this complex undergoes haploidization, one would not expect that in every case the nuclei of the parental genotypes would be more frequent than the recombinant types. Furthermore, if a tetrasomic PWT were involved, it is difficult to see why the only recombinants recovered would be those involving exchange in the vicinity of the centromere, unless such recombinant types were in some way predisposed to undergo two successive nondisjunctions, and this seems unlikely if nondisjunction is related to lack of exchange pairing.9 On the other hand, there is precedence for increased mitotic crossing over in the vicinity of the centromere.7 8 Since PWTs are known to become heterokaryotic, the possibility must also be considered that the present results represent crossing over in diploid nuclei formed by nuclear fusion in the heterokaryon. Such phenomena are known in other ascomycetes, such as Aspergillus,'0, 11 and a single case of apparent recombination of nonlinked genes in a heterokaryon of Neurospora has been attributed by Weijer and Dowding12 to crossing over between nuclear filaments. During the past several years extensive tests have been carried out in this laboratory using a variety of methods including some which involved highly selective techniques, and we have consistently failed to obtain any unequivocal evidence for either somatic crossing over or reassortment of nonlinked genes in Neurospora heterokaryons. We have also used bisexual heterokaryons in such experiments hoping to get some nuclear fusion in the heterokaryon, but the results were always negative. Our results have never been published, but Pateman and Fincham13 and more recently Case and Giles"4 have also reported no evidence for somatic recombination in Neurospora heterokaryons.
Since the present results indicate that somatic crossing over is possible in Neuro-spora, provided a source of aneuploidy is present, we have interpreted the consistent failure to find evidence of somatic crossing over in heterokaryons to indicate that there is no source of aneuploidy present in these cultures. This suggests that fusion of nuclei of the same mating type within a heterokaryon to form diploid nuclei simply does not occur in heterothallic Neurospora. It is for this reason that we favor the hypothesis that it is somatic crossing over in the disomic nucleus that accounts for the results, rather than nuclear fusion within a heterokaryon to give a diploid followed by crossing over and haploidization. 
